In the post-genomic era, the speed of discovering new proteins and their interactions with other proteins has been accelerating, yet their functions will only be meaningful in the context of cellular processes. However, the cytoskeletal proteins, which define cell shape and drive cell motility, have been difficult to study in living cells because of the highly dynamic and heterogeneous networks that they form. In the case of actin and its myriad of binding proteins, actin filament organization is carefully controlled by altering de novo nucleation, filament branching, filament bundling, cross-linking, and/or individual filament elasticity, which When the material exhibits both elastic and viscous behavior, it is called viscoelastic, and these moduli are combined to define the complex viscoelastic modulus, G* G' iG" G d exp iδ . The phase angle, δ arctan G"/G' , is a measure of liquid or solid behavior ideal solids have δ 0, and ideal liquids have δ π /2. Traditional techniques for measuring viscoelastic moduli are not appropriate for cellular applications. Typically, the mechanical properties of materials have been measured by applying macroscopic shear strain to the sample using The cytoplasm of living cells is filled with cytoskeletal filament networks that dictate the shape and motility of cells. The dynamic and heterogeneous nature of the cytoskeletal network has been visualized, but the limited accessibility of living cytoplasm prevents easy characterization of its physical properties. From the simple observation that the Brownian motion of a particle reveals the mechanics of its microenvironment, a new approach, microrheology, emerged and successfully applied to living cells. Here, we review recent progress in microrheology and the implication for the understanding of subcellular processes in biology. actin / cytoskeleton / microrheology / particle tracking / viscoelasticity 43 4 , 180-185 2003 
The viscoelasticity of a material is often measured by an application of a simple oscillatory shear as a function of frequency 1 . Depending on the material of interest, the material response to the oscillatory shear strain may be inphase or out-of-phase stress relative to the input oscillation.
Ideally, an elastic material will respond immediately without a delay as the energy is stored and transmitted without dissipation, whereas a viscous fluid will respond with a phase-delay as the energy is dissipated through the medium.
In such generalized materials, the in-phase and out-ofphase components of the response function are called elastic modulus, G', and viscous modulus, G", respectively. a metal plate. At best, macroscopic plates can measure apparent viscoelasticity of a whole cell typically tens of micrometers in size, however, unlike synthetic materials, cells are composite materials with heterogeneous intracellular viscoelasticity. Furthermore, living cells will respond and reorganize their internal cytoskeletal organization upon mechanical deformation 2 , thus minimal deformation and rapid data acquisition is preferred. Numerous studies have focused on investigating cellular mechanics by actively deforming a whole or a part of cell using external probes 3 -10 , or internal probes embedded in the cytoplasm 11 -14 . Alternatively, the internalized probe particles can be passively displaced by thermal energy 15 -17 .
Recent progress in microrheology rheology at micrometerscale using thermal fluctuations has come through applications to a variety of systems ranging from synthetic materials to living cells 15 -20 . Several new derivatives of the original single-particle microrheology have been introduced to expand the scope of its application 21 -24 , and we discuss their advantages and disadvantages. Our review focuses on passive microrheology techniques where thermal fluctuations of the probes are interpreted as a material response function, because, when applied properly, the technique can give numerous insights into cytoskeletal mechanics within the context of physiological processes.
A micrometer-sized probe particle in a polymer suspension moves erratically in response to molecular collisions with surrounding molecules. The thermally-driven deformation imposed on the surrounding media is minimal and can be safely assumed as in the linear range of the material response function, which should minimize any biological responses. For the particle motion to reflect the bulk properties of the network, the particle diameter must be large enough to exert macroscopic-like strain on the filament network Fig.1 . As the size of the probe particle decreases to below the mesh size of the network, the response function of the particle is determined by the intercalating fluid rather than the bulk filament network 25 .
The relationship between particle motions and the macroscopic viscoelastic moduli typically measured by a mechanical rheometer is not obvious except for simple media that can be described with constant viscosity or elasticity.
By analogy to these materials, the relationship between the Brownian motion of particles and viscoelastic modulus has been proposed to follow a Generalized Stokes-Einstein Relation GSER by assuming that the equation will be valid for all frequencies
where the frequency-dependent force exerted onto the particle F ω is proportional to the radius of the particle, a, the frequency-dependent complex shear modulus, G* and displacement, x. The GSER approach assumes that the equation is also appropriate for viscoelastic materials 16 , 17 .
The time-scale applicable for the GSER as stated above is bounded by two frequencies an upper frequency where inertial effects become significant and a lower frequency where the fluid is compressible. In neither limit is the GSER applicable see Fig.2 26 , 27 . Experimentally, the primary concern is this lower frequency bound, which is governed by a ratio of mesh size ξ and particle radius, ω L ξ/a 2 17 , 19 , 26 . While particles in concentrated samples can satisfy these criteria, i. e., a ξ, and the experimental agreement between micro-and macrorheology has been demonstrated 16 , 19 , particles embedded in D2 D1 ξ Fig.1 Single particle microrheology. The probe particle will act as a miniature shearing device while the particle itself is embedded in the polymeric network. The deformation is driven by thermal energy and their displacement is governed by mechanical properties of microenvironment surrounding the particle. In order for the microrheology to mimic the macroscopic rheological measurements by mechanical rheometers, the diameter of probe particle, D, must be significantly larger than the mesh size of the network, ξ, i. e., D ξ. dilute samples may underestimate macrorheology due to a larger pore size Fig.2 . As the oscillation frequency of the probe particle approaches the lower limit, ω L , the intercalating fluid will move independently from the polymer matrix, thus becoming compressible fluid, which are best described by a two-fluid model 26 .
The two-point microrheology approach relies on the fact the motion of two adjacent particles are correlated because of hydrodynamic coupling through the connecting medium.
Cross-correlation can be measured from probe particles with an inter-particle distance far greater than their radius. This is an attractive feature of two-point microrheology since the method does not depend on the medium adjacent to the particle surface as it does for single particle microrheology, rather it depends on the medium between the particles where hydrodynamic forces decay as 1/r.
For cases of purely viscous or elastic media, crosscorrelation functions have been measured using a variety of techniques. In viscous media, two particles have been trapped by a dual optical tweezer equipped with photodiodes to measure the particle displacement from the far-field laser scattering 28 , 29 . The particles in viscous media are shown to be anti-correlated 28 , 29 , since any correlated motion in viscous fluid is minimized by the backflow of one particle that forces the other particle to move in the opposite direction Fig.3 . In elastic media, the particle correlation has been measured by pulling magnetic particles through actin filament network containing nonmagnetic tracer particles 30 . The motion of one magnetic particle acts as a strain field for the other, pulling the other particle in the same direction Fig.3 . Due to the lack of energy dissipation and the ability of elastic material to resist the deformation, the particles in the strain field will move in the direction of the strain. In both cases, the crosscorrelation of the particles is defined by the rheologic nature of medium between the particles. Using the crosscorrelation function as a strain field function, Crocker et al. 24 measured viscoelastic moduli for several materials. Their approach, two-point microrheology, was successfully applied to glycerol and polysaccharide solutions, but their results R Viscous Elastic 2 1 2 1 Fig.3 The origin of cross-correlation in a viscous and elastic environment. While the particles in viscous media are anti-correlated, the particles in elastic media are correlated. In viscous media, the correlated motion is hindered by the back-flow from the leading particle that favors anti-correlation. In elastic media, the elastic resistance from the particle deformation favors the correlated motion of the nearby particle. on actin filament suspensions differed from macroscopic measurements 31 , 32 . Such a discrepancy was not discussed by the authors, and more rigorous investigation is needed to determine the applicability of two-point microrheology to the actin filament suspension.
Success of two-point microrheology depends on experimentally observable correlated motion of particles.
In purely viscous media, the hydrodynamic force will propagate as a reciprocal of the distance and viscosity, 1/ηr, whereas in the case of a polymeric solution, the viscosity will be replaced by the macroscopic viscosity that results with polymer contribution 33 . Thus, for polymeric solutions, the propagation of hydrodynamic force may be small, hence the particles in polymeric solutions must be much closer than the particles in viscous solution, and limit the measurable correlation between the particles, precluding the use of two-point microrheology in cellular applications.
Nonetheless, two-point microrheology is an important
addition to the family of techniques for investigating the micromechanics of biological materials.
Many biological materials contain microscopically heterogeneous polymeric networks that may cause the application of single particle microrheology to be difficult.
To measure mechanical heterogeneity of complex materials, hundreds of particle trajectories are simultaneously monitored by video-based tracking system, and their trajectories are statistically analyzed to determine the material heterogeneity 21 -23 , however, the multiple particle tracking
is not yet implemented in living cells. Thus far, imagebased tracking is limited to a video rate of thirty frames per second, thus, application of the GSER has not been possible see above , however, the implementation of fast imaging devices may make extraction of viscoelastic moduli possible. In addition, highly heterogeneous materials often contain pores larger than the probe particle, which violates assumptions of the GSER. Nonetheless, the variation of probe particle trajectories and mean square displacements are indicative of mechanical heterogeneity. Due to the stochastic nature of a particle's trajectory, the analysis must take into account that the trajectories will vary even in homogenous material 34 .
The ability of multiple-particle tracking to probe a large Surprisingly, these exogenous particles moved much less, thus, the mechanical microenvironment was stiffer compared to that of the nearby endogenous lipid droplet particle Fig.4 . Such mechanical diversity of cytoplasm is reminiscent of the spatial heterogeneity due to differential affinity of probe particles to the surrounding network 18 , which suggests that anchoring of vesicles to the cytoskeletal network maybe important for their fate in the cytoplasm. In addition, smaller particles 7-15 nm introduced into cells by electrophoresis decreased their diffusion coefficients after a few hours 37 , suggesting that the reorganization of the cytoskeletal network takes place during the maturation of the probe particles. These subtle changes in the probe particle fluctuations cannot be ignored, because it is a prerequisite for resolving the molecular details see below .
Although the probe particle's motion can be rather complex when embedded in the viscoelastic media, the quantitative analysis of the particle motion can be quite informative. For example, Holzwarth et al. 38 where the mean-square-displacement of the particle scales as a lag time, τ. For comparison, the mean-squaredisplacement of an actively transported particle will scale as τ 2 . The diffusional approach is often adequate for small particles that percolate the network of cytoplasm.
When the particle size becomes comparable to the mesh size of the network, the elastic network of cytoskeleton dominates the particle motion, suppressing the role of simple diffusion. Even the particles in perinuclear regions cannot be adequately described by the simple diffusion model 20 , 40 . When measured at the video rate 30 Hz , the phagocytosed particles exhibit enhanced diffusion which scaled as τ 1.5 , whereas a lipid droplet in a similar region moved sub-diffusively which scaled as τ 0.75 40 .
Although no statistics were given, they showed the lipid droplet was more motile than the phagocytosed particle, which is consistent with the results obtained with single particle microrheology 20 . It is evident that when the particle size exceeds the mesh size of the network, the microenvironment of cytoplasm cannot be adequately described by the simple diffusion equation.
Though the techniques are still being developed, recent progress in microrheology promises to give insights into Despite their close proximity, the lipid droplet moves more than the polystyrene particle. C The higher viscoelastic modulus of polystyrene particles PS is manifestation of their limited motion compare to the lipid droplets LD . Two spectra converge at the higher frequency. D The phase angle of the polystyrene particles is more solid-like than the lipid droplets. Unlike the viscoelastic moduli, the phase angles of these particles diverge at the higher frequency.
physiological processes in cell biology. The primary advantage of passive microrheology is its ability to infer network organizations and structures from non-invasive probes placed within the filament network. Still, to decipher the network organization from the viscoelastic spectra alone is an ambitious idea, especially for complex systems like cytoplasm of living cells. The discrepancy between macro-and microrheology must be resolved, and more work is needed to better understand the relationship between the structural organization and the viscoelastic modulus. This conceptual gap can be filled empirically by rheological measurements of polymeric suspensions with a predetermined network organization, and such a reconstitution approach should always complement the in vivo studies. As for any novel techniques, the fundamental understanding will be essential for its application to cell biology.
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